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ABSTRACT
III-Nitride based deep ultraviolet (DUV) light emitting diodes are non-toxic light 
sources that are highly desirable to replace current mercury lamp-based technology for air 
and water purification, surface and object disinfection, and sterilization. In the present. By 
freezing out defect related conduction pathways at temperatures less than 50K, the external 
quantum efficiency (EQE) of an interconnected array of 1,296 AlGaN DUV micropixels 
is improved by 4 times, underscoring the importance of defect management. Assuming a 
current injection efficiency (CIE) of 100% and considering that the light extraction 
efficiency (LEE) is constant with temperature, the 4-fold increase in the EL signal is 
attributed to the increase of the internal quantum efficiency (IQE). A thorough 
investigation of the current-voltage (I-V) characteristics revealed two distinct slopes with 
turn-on voltages of 2.7 V and 4.5 V. The low turn-on voltage path indicates the presence 
of defects in the bulk material and the higher turn-on voltage path is attributed to the 
multiple quantum well (MQW) active region. The turn-on voltage of 6.4 V at room 
temperature is larger than that expected from the active layer band gap of 4.3 eV and 
increases significantly with decreasing temperature. The contact resistances are likely 
responsible for the increased turn-on voltage with decreasing temperature. Remarkably, 
the series resistance of the device in high current regime that determined by highly resistive 
p-AlGaN layers of the structure, is nearly independent of temperature. This confirms 
polarization doping mechanism in these layers with reverse graded Al contents.   
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Group III nitrides have unique physical, electrical, and optical properties that 
guarantee demand for them in modern optoelectronic and microelectronics under harsh 
environments. Group III nitrides have wide band gape, high thermal stability 
conductivity, high breakdown voltage and high radiation hardness [1]–[3]. Due to these 
properties III nitrides materials are widely used for developing high power ultra-violate 
(UV) and visible, light emitting diode (LEDs), laser diodes (LDs), and microwave 
transistors. Shuji Nakamura first demonstrated high brightness blue LED using III-nitride 
materials, Indium-Gallium nitride (InGaN) and Gallium nitride (GaN), which lead to the 
development of GaN based optoelectronics [4]. The high brightness, highly efficient blue 
and green LED developed by Nichia on sapphire substrate using InGaN/GaN, and 
Aluminum Gallium Nittride (AlGaN) double heterostructure LED [5], [6]. The further 
research on III-nitrides led the researcher to th development of short wavelength UV 
LED. 
 III-nitride based (AlGaN) research on UV-LEDs for wavelengths shorter than 360 
nm was started between 1996 and 1999 by several research groups worldwide [7]–[9]. 
DARPA initiated the program “Semiconductor Ultraviolet Optical Sources (SUVOS)” in 
the US to spur the research in the field of deep-UV light sources. The group at the 
University of South Carolina (USC) reported the first 250nm and 280 nm AlGaN-based 
UV LEDs between 2002 and 2006 [10]–[12]. Other active groups in this area of research 
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were at Texas Tech University (TTU)[13], [14]  and Kansas State University [15]. In Japan 
groups at RIKEN (Japan’s largest comprehensive research institution), Majio University, 
and Nippon Telegraph and Telephone (NTT) laboratory perused this research aggressively 
at the same time. A group at NTT reported the shortest wavelength (210 nm) LED using 
an AlN emitting layer in 2006[16]. At RIKEN AlGaN-based research on DUV-LEDs 
started in 1997. They have developed high-efficiency UV LEDs using indium 
incorporation into AlGaN on different substrates[9], [17]–[19]. In Germany, III-nitride 
based UV-LED research was started at UT Berlin in 2005 by M. Kneissl from Palo Alto 
Research Center[20]. They developed III-nitride based UV-LEDs in 2006 and 2007 using 
hydride vapor phase epitaxy to grow AlGaN and AlN templates for LED structures. Latter 
other research institutions in S. Korea at Pohang University and Samsung [21], [22] and 
China at Peking University started to work on this technology[23], [24]  
Figure 1.1 shows the status of the external quantum efficiency (EQE) of III-nitride 
based UV-LEDs emitting below 300 nm wavelength covering UV-C, which starts from 
280 nm wavelength, as measured at room temperature[25]. The data points are the subset 
of the data given in reference[25]. The research focus, seen by the cluster of points around 
280 nm, to develop high efficiency 280 nm-band AlGaN DUV LEDs is driven by its 
application for sterilization proposes, which has promising market potential. EQE is the 
product of IQE, IE, and LEE. It is seen that the EQE of most of the LEDs emitting at and 
below 300 nm wavelength is in single digit, in comparison to UV-LEDs emitting around 
363 nm is between 46% to 74%[26].  
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Figure 1.1 A brief survey of EQE vs wavelength for UV-LEDs Emitting < 300nm 
[complete data set is given in reference [25]]. 
 
The improvement of the EQE for LEDs emitting around 280 nm started with the 
low threading dislocation density AlN templates[17], [27], [28] and n-AlGaN layers[29]. 
Low dislocation density AlN layers led to high IQE of (>60% %) for AlGaN and quaternary 
In AlGaN QWs in the DUV region[30], [31]. Further development of the electron blocking 
layer (EBL), that prevent the electron spillover into p-AlGaN/p-GaN, resulted in an 
increase in the injection efficiency[32]–[35]. To further increase EQE, efforts were made 
to improve LEE in UV-LEDs by transparent LED layer, high reflective p-contacts, 
backside surface patterning, device shaping and growth on patterned sapphire 
substrates[19], [36]–[40]. These developments led to a recent breakthrough performance 
of 20 % EQE by RIKEN in collaboration with Panasonic[41]. The problem is the driving 
voltage for this LED is very high (16 V), which will result in severe Joule heating, thus not 
a practical solution. 
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 The contributions of the companies in the development of UV-LEDs emitting in 
the range of 260 nm to 300 nm cannot be neglected. Here, Sensor Electronic Technology 
Inc. (SETi) commercially produced UV-LEDs having wavelength range from 240 to 300 
nm and for 278 nm UV-LED achieved a maximum EQE of 11% on sapphire substrate[42]–
[44]. Crystal IS and Tokuyama reported 5-7 % EQE for deep UV-LEDs on single crystal 
AlN layers produced by sublimation[41], [45] and hydride vapor phase epitaxy 
(HVPE)[46], [47] respectively. Similarly, high-efficiency UV-LEDs were produced by UV 
Craftory, Nitek, and Nichia[31], [48], [49]. UV Craftory has reported UV-LEDs with EQE 
of 14.3 % with very low current injection.  
UV-LEDs are solid state devices that produces light when electrical current can 
flow from the positive (p-type) side of circuit to negative (n-type) side of the LEDs. It has 
been attracting significant attention as a new UV source, it can replace conventional 
mercury lamps in the water disinfection applications [50], [51]. UV LEDs emit a narrow 
band of wavelengths of light from the junction and their wavelengths span the spectrum 
ranges from 200 nm to 400 nm as shown above in Figure 1.2[52]. Based on emitted 
wavelength UV-LEDs are divided into near-ultraviolet light-emitting diodes (NUV-
LEDs), with emission wavelength ranges approximately from 300–400 nm, and deep-
ultraviolet LEDs (DUV-LEDs), with emission wavelength ranges approximately from 
200 nm–300 nm. UV-LEDs are promising candidates for various applications like 
disinfection & sterilization, analytic use (forensic), air purification, water purification, 
resin curing, biochemistry sensing which represent in Figure 1.3 [52]. UV LEDs are not 
only mercury free, but also can have a higher energy efficiency, a longer lifetime, more 
constant light intensity, that is easier to control than their counterparts.  
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Figure 1.2 UV LED wavelength spectrum  [52]. 
 
Figure 1.3 Application of DUV light emitting diode [52]. 
1.1 Fundamentals of Light emitting diodes 
To understand light emission from LEDs, we need to understand their physical 
properties. LED are simply p-n junction diodes that convert electrical power to infrared 
visible or ultraviolet light through spontaneous recombination recombination[53]. The 
emitted wavelength is determined by the bandgap of the semiconductor’s material used. 
LEDs only work in forward bias conditions, as shown in figure 1.4, electrons are injected 
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from n- type into p- type and hole from p type to n type layer. In a diode, under forward 
bias current easily flow from p-side to n-side but it does not flow reverse biased 
condition. For Group III nitrides LED, the emitting region consist of AlxGa1-xN (where x 
is the Al percentage), called active region is sandwiched between anode (p type) and 
cathode (n type) AlxGa1-xN. This AlxGa1-xN have single or multi-quantum well region to 
increase the recombination probability. 
 
Figure 1.4 Band diagram of p-n junction. 
1.1.1 Radiative and non-radiative recombination 
 There are mainly two types of recombination mechanisms in semiconductor, 
radiative and non-radiative recombination. Radiative recombination is generally band to 
band recombination. In radiative recombination, a photon with energy equal to the 
bandgap energy of the semiconductor is emitted, which is represented in Figure 1.5. In 
non-radiative recombination, the electron energy is converted to vibrational energy like 
phonon, which produces heat which is illustrated in Figure 1.5. The Recombination rate 
is proportional to both electron and hole concentration.  
𝑅 ∝  𝑛 ×  𝑝 = Br ×  𝑛 ×  𝑝  
where R is the recombination rate per unit volume and Br  is coefficient of band-to-band 
recombination and n and p are the electron and hole densities. 
R= Br × (nn,0+∇𝑛) × ( pn,0+∇𝑝) 
Conduction band 
(Ec) 





Where nn,0 and pn,0 are densities of electron and holes at equilibrium in n and p type 
materials and ∇𝑛 and ∇𝑝 are electron and holes excess carrier densities, respectively. 





  where 𝜏 is a radiative lifetime   
  
(a) (b) 
Figure 1.5 (a) Non-Radiative combination, and (b) Radiative recombination. 
1.1.2 External quantum efficiency (𝜂0) 
 External quantum efficiency (EQE) defined as the number of photons generated 
by the applied current, so External quantum efficiency (EQE) is defined as total optical 
power divides applied electrical power. In simple terms, LED efficiency is defined as 
how much light is generated for injected current. We can write: 
𝜂0= overall External quantum efficiency = 




The other way to define the EQE is 
𝜂0ext = 𝜂inj × 𝜂r ×  𝜂opt 
where, 
 𝜂inj = Injection efficiency 
𝜂r = radiative efficiency 
𝜂opt= optical efficiency 
Injection efficiency  
 The injection efficiency is defined as the ratio of the number of photons emitted 
from the active region per second to the number of electrons injected into LED per 
second [2]. 
𝜂inj = Injection efficiency = 
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝ℎ𝑜𝑡𝑜𝑛 𝑒𝑚𝑖𝑡𝑒𝑒𝑑 𝑓𝑟𝑜𝑚 𝑎𝑐𝑡𝑖𝑣𝑒 𝑟𝑒𝑔𝑖𝑜𝑛 𝑝𝑒𝑟 𝑠𝑒𝑐𝑜𝑛𝑑





Where Pint is optical power emitted from active region and I is Injection current and e is 
the charge of the electron. 





Dn and Dp are diffusion coefficients of the electron and hole and  Lp  and Ln are diffusion 
lengths of minority carriers and n and p are net electron and hole concentration.  
Radiative Efficiency 
 Radiative efficiency is defined as the ratio of the total number of electron-hole 
pairs that combine radiative to the total number of electron- hole pairs recombine in the 
active region. The radiative efficiency also known as internal quantum efficiency (IQE). 
The IQE is defined as the ratio of the radiative recombination to the total 
recombination[2]. 
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𝜏r = radiative lifetime  
𝜏nr = non radiative lifetime 
Optical Efficiency 
  The amount of light that come out from LED determine optical efficiency which 
is also named as extraction efficiency (IE) of LED called optical efficiency. Theoretically 
some LEDs have unity extraction efficiency; however, in practic not all power emitted 
from the active region is emitted in free space. Some of the photons may never leave 
semiconductor LED die; this is due to some losses in the device. For example, some light 
reabsorbed in the substrate of LED and other materials of the device like, substrate 
contact layers and contacts. There are several factors that affect the extraction efficiency 
like the absorption coefficient of semiconductors, layer structure, and refractive index of 
the semiconductor layer. The extraction efficiency is defined as the ratio of the number of 
photons emitted into free space to the number of photons emitted from active region[2]. 
𝜂extraction = TSE × TEA× 𝜂esc 
where, 
TSE is Reflection and transmission through the semiconductor epoxy interface, TEA is 
transmission through the epoxy-air interface and 𝜂esc is efficiency related to light 

























𝜂s = Refractive index and 𝜂e = Epoxy encapsulation refractive index  
1.1.3 Hetero structure/ Multi- Quantum well 
There are two general possibilities to increase internal quantum efficiency. The 
first possibility is to increase radiative recombination and the second is to decrease the 
non- radiative recombination. The radiative rate increases with free carrier concentration; 
therefore, it is important that recombination in which region of LED occurs has a high 
carrier concentration, therefore, incorporating the heterostructures is the way to increase 
carrier concentration[2]. We can make heterostructures by combining wide bandgap 
semiconductors with narrow bandgap semiconductors. By proper combination we can 
achieve the highly efficient heterostructure LED. Figure 1.6a and Figure 1.6b, we 







Figure 1.6 (a) Homojunction, (b) Heterojunction under forward bias. 
1.2 Material selection for UV LED 
Group III nitrides have wide band gape, high thermal conductivity, high 
breakdown voltage and thermal stability. Due to these properties III nitrides materials 
widely used for developing high power ultraviolet (UV), blue and green light emitting 
diode. Depending on Al content, band gap of AlGaN can be change on 3.4eV to 6 eV. 
The band gap of AlN is 6.2 eV, GaN is 3.4 eV and InN is 1.9 eV is shown in the figure 
1.7[1]. Figure 1.7 represents bandgap energy versus bond length for III- nitride materials. 
III-Nitride materials have high thermal stability and good conductivity. The direct 
bandgap of GaN and its alloys enable these materials to be used for optical and electrical 
applications. At 300 K (room temperature), GaN direct bandgap is 3.44 eV which near to 
Ultra violate (UV) region of the optical spectrum [54]. The spectrum of AlxGa1-xN alloys 
is near to DUV region so it is the perfect materials for DUV LED. 
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Figure 1.7 Band gap Energy vs lattice constant III- nitrides at 300 K[1].  
1.3 Motivation to study Micro- DUV LED at Low temperature. 
III-Nitride optoelectronic devices have been replacing technology at the amazing 
rate. AlGaN based deep ultraviolet LEDs are available for commercial application.  
Milliwatt- powers of AlGaN DUV LEDs have been reported by several group with 
improved performance[10], [55], [56]. Besides, the external quantum efficiency and wall 
plug efficiency of AlGaN LEDs are less compared to visible LED [57]. This is due to 
lower extraction efficiency and self-heating of LED (thermal issue) which can be reduce 
but not eliminated by flip-chip LEDs[58]. In a Chitins et al. report on self- heating effect 
in ultraviolet light emitting diode, they applied 50mA DC pump current and measured in 
increased study state temperature of about 7000 C which reduced output power of 
LEDs[58]. Hao G et al. illustrate current crowding in 280nm DUV AlGaN based flip-
chip LEDs, they determine that the current spreading length is small in DUV LEDs 
which cause current crowding and self-heating which is responsible for efficiency drop 
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and power saturation[59]. Due to efficiency drop, power saturation, and reduce lifetime, 
we focus on the study of AlGaN based Micro- DUV LEDs [60]. 
 Recently,Floyd R et al. reported AlGaN based DUV micro-LEDs[60]. They 
presented different pixels (5um to 15 um) sizes of AlGaN multi-quantum well based 
micropixel DUV LEDs. They design a LED in such a way to avoid current crowding and 
high extraction to get high brightness and high power DUV emission. We have not seen 
any report for the temperature dependence of electroluminescence (EL) and current-
voltage characteristic of AlGaN based DUV micro-LED. Zang J et al. illustrated low 
temperature electroluminescence quenching of AlGaN deep- ultraviolet light-emitting 
diodes [61]. They study three different AlGaN DUV LED, in which two LED do not 
have Electron blocking layer (EBL) and one have EBL where they observed EL 
quenching in AlGaN DUV LEDs which do not have EBL. A Chitnis et al. studied the 
electrical and optical properties of 285 nm AlGaN single-quantum-well DUV LED at a 
wide temperature range of 10 to 300 K; they found that EL intensity increases with a 
decrease in temperature[62]. Several groups reported temperature dependent studies of 
electroluminescence and electrical properties of LEDs [61]–[64]. To date no study of 
temperature dependence of electroluminescence (EL) and current-voltage characteristic 
for AlGaN based DUV micro-LED have not been reported.  
In this thesis we study the electroluminescence (EL) and current-voltage 
characteristic of AlGaN based DUV micro- DUV LED at low temperatures. We expected 
that electroluminescence (EL) increases or decrease with temperature. Zang J illustrates 
low-temperature electroluminescence quenching of AlGaN deep- ultraviolet light-
emitting diodes[61] while Chitnis find an increase in electroluminescence (EL) in single 
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quantum well based light emitting diode [62]. If electroluminescence (EL) increases with 
a decrease in temperature, we expected that current injection efficiency increases so 
overall efficiency of LEDs increase at low temperature. Micro DUV LEDs have high Al-
content AlxGa1-xN allow are suitable to the formation of threading dislocation, defect like 
dislocation freeze out at the low temperature and give high electroluminescence (EL) 
therefore we can use Micro- DUV LED for application under low temperature condition. 
We are also studying the electroluminescence (EL) properties of DUV LEDs at liquid 
helium temperature and liquid nitrogen temperature and compare them with Micro-
pixeled DUV-LED to see what advantage’s different structure present. It is known that 
defects start to freeze out at liquid helium temperature and result in high 
electroluminescence (EL), the comparison for the different LED structure gives aa lot of 
information about the current transport mechanism at low temperature. V-I characteristic 
of DUV LEDs with temperature enables us to isolate different transport channels. 
1.4 Synopsis of this Dissertation 
This dissertation presents a study of AlGaN based micro-pixel DUV-LED at low 
temperatures and its comparison with conventional DUV-LED for the first time. 
Chapter 1 present the overview of III nitrides UV LEDs and their application in 
various fields. The fundamental physics of LED also discuss in this chapter. We also 
describe materials selection for DUV LEDs and the motivation of micro-LEDs at low 
temperature. 
Chapter 2 focuses on the practical aspects that include the growth of device using 
Metal Organic Chemical Vapor Deposition (MOCVD) technique and device fabrication 
and packaging. We also describe the wire bonding of micro-LEDs in the same chapter 
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Chapter 3 presents the experimental procedure to obtain the data for this 
dissertation. We discuss the overview of cryostat in this chapter. Overview of 
spectrometer and semiconductor parameter analyzer also addressed in this chapter. We 
also describe the Device testing conditions and consideration for low temperature 
measurement of DUV LEDs 
Chapter 4 describe electroluminescence (EL) and current- voltage characteristic 
of AlGaN based DUV LEDs. 
Chapter 5, In this chapter we discuss about dissertation conclusion and 




STRUCTURE AND FABRICATION OF DUV LEDS
In chapter 1, we briefly discuss the fundamental of DUV LED and application of 
DUV LEDs in various fields. We also discussed our motivation to study Micro- DUV 
LED at low temperature. In chapter 2, first, I will describe the growth of devices (UV-
LEDs) using Metal Organic Chemical Vapor Deposition (MOCVD) technique. After that 
I will discuss the processing of the DUV LEDs.  
2.1. Growth Details  
During the last two decades researchers used different techniques for III -nitrides 
growth like Liquid phase Epitaxy (LPE), Molecular Beam Epitaxy (MBE), Vapor Phase 
Epitaxy (VPE) and Metal Organic Chemical Vapor Deposition (MOCVD). High quality 
epitaxial layer can be grown by MBE and MOVCD [3]. But Molecular Beam Epitaxy 
(MBE) is expensive system that required ultrahigh vacuum for growth and highly 
complex system. Generally, researcher use MOCVD for growth of III nitride material 
which is very flexible, easy to control, good growth uniformly and produce sharp 
interface. High quality quantum structures like multi-quantum wells (MQWs), double 
heterostructure can easily be grown by MOCVD which is widely used for electronic and 
phonics devices. The epilayers of our LED structure were produced by MOCVD. 
A homemade MOCVD system was used to growth devices used for this 
dissertation. Figure 2.1 represent the schematic diagram of MOCVD system [65]. 
MOCVD system a standard inductive rf heated system with cold vertical reactor 
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chamber. The MOCVD system is capable of depositing very thin layer of atoms of III-
nitride onto different substrate, in our case sapphire wafers. Semiconductor wafers are 
usually made from sapphire or silicon which are cheaper and easily available; here the 
devises are grown on sapphire wafers. There are different sources of materials use for the 
growth process. Trimethylgallium for Gallium (Ga), trimethylaluminum for aluminum 
(Al)[66] and ammonia is used for nitrogen as the sources. Silane used for silicon (Si) n 
type dopant and biscyclopentadienly magnesium (Cp2MG) Mg is used for p type 
doping[66]. The MOCVD vertical chamber reactor and rf type high inductive heating 
which requires a good quality quartz chamber which is nonconductive and transplant[67]. 
The reactor chamber able to sustain up to 1150 0C. The precursors are inserted through 
various lines in the reactor the through showerhead which are designed a such a way to 
inject different precursors and distribute them uniformly over the substrate on heated 
susceptor. The showerhead is made from stainless steel and the susceptor is made from 
silicon carbide. During growth, Susceptor is rotating which provide uniform distribution 
on wafer. The different sizes of gas tubes for MOCVD system are made from stainless 
steel to reduce the impurities. For failure or replacement, automatic or manual value are 
used for isolation of gas flow equipment. In the MOCVD system, nitrogen (N2) and 
hydrogen (H2) are generally used for carrier gases and mass flow controllers control their 




Figure 2.1 Schematic diagram of MOCVD system. 
LED structure growth on sapphire substrate starts with the aluminum nitride 
(AlN) nucleation layer, this layer followed by 3 𝜇m thick thermally conductive AlN, 
which acts as the templets for further AlGaN layer, grown by the MOCVD system [68], 
[69]. The thick AlN layer improve overall crystal quality and reduce the number of 
dislocations in subsequent layers required for device structure. The device structure and 
epilayer details (not to the scale) are represented in Figure 2.2[60]. The AlN layer is 
followed by 1.5 𝜇m n- Al0.65Ga0.35N. We grow 4 pairs of multiple quantum wells 
(MQWs) which increase the carrier capture cross-section for the active region [12]. Mg- 
doped p- Al0.7Ga0.3N electron blocking layer (EBL) was grown after MQWs active 
layers, decrease the electron injection into the p-GaN/AlGaN layer. This layer is followed 
by graded p-AlGaN and p-GaN contact layers. The complete details of the growth can be 
found in reference [55], [60], [70], [71]. 
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Figure 2.2. Layer structure of UV-LED showing the thickness and  
composition of each layer.  
 
2.2 Device fabrication 
Figure 2.3 represent two different structure of LED, Figure 2.3a represent vertical 
conduction [12], [71] and Figure 2.3b lateral conduction[60]. Here black arrows the show 
current flow in the LED structures. 
For vertical conduction device, A mesa type square geometry device was 
fabricated. A reactive ion-etching process was used for bottom n AlGaN layer. The n-
contact metal Ti/Au/Ti/Al was deposited at 950 oC for 1 minute in forming gas[12]. The 
p-contact Ni/Au was annealed at 500 oC for 2 minutes in the oxygen environment. For 
lateral conduction device, first Cl2/Ar chemistry inductive coupled plasma reactive ion 
etching (ICP_RIE) is used to define the micropixels and access to the n contact. The 
nitrogen environment was used at 750 oC to activate Mg-dopant. The n contact metal 
stack Zr (150 Ǻ)/ Al (1200 Ǻ)/ Mo (350 Ǻ)/ Au (500 Ǻ) was deposited via electron beam 
(e-beam) deposition system and annealed at 950 oC for 3 minutes in forming gas by rapid 
thermal annealing [60]. The p-contact Ni/Au were deposited by e-beam deposition and 






Figure 2.3 Different LED strcture, a) Vertical cnduction, b ) Lateral conduction.                                                 
2.3 Packaging  
Silicon carbide and Gallium nitride are widely use for substrate for semiconductor 
device due to high thermal conductivity but both are highely aborbing ultraviolate  
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wavelength region and are expensive. So, researchers generally prefer to use sapphire 
substrate due to high lighet extraction efficiency and cheap. However Sapphire has poor 
electrical and thermal conductivity compare to Silicon or GaN results in at higher 
operating voltage LEDs and large self heating. That reduces the efficiency of UV-LED. 
The flipchip method is used to mount the UV-LEDs to reduced the self-heating. 
There are different type of flip-chip bonder used in the industry like Au/sn solder 
attachment and gold (Au) to Gold bump (Au). Earlier our group use Au/sn solder 
attachement process [58], [70]. Here we use Gold-to-Gold bump bonding that is carried 
out using a semi-automatic flip-chip bonder shown in Figure2.4. We flip LED dye onto 
aluminum nitride or silicon carbide sub-mount. The Different headers can be used 
depending on the application requirement. Generally TO-39 and TO-66 headers are used 
for DUV LEDs. Figure 2.5a represent a flip-chip device and 2.5b show packaged device. 
The thermal conduction can be further improved by external heat sinks which may be 
used with the combination of thermal paste. Shatalov et al. study thermal analysis of  flip-
chip packaged UV LED, they analyzed that 82% heat energy flow through flip-chip 
bond[72]. We can improve perfomance of LED’s perfomance using flip chip, and 
minimize the self-heating problem.  
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Figure 2.4 Flip-chip bonder. 
 




Figure 2.5 Flip-chip and packaging device, (a) Flip-chip device, (b) Packaging device. 
2.4 Wire Bonding  
A semi-automatic West bond wire bonder can be used for wedge-to-wedge 
bonding or Ball-to-wedge bonding. But we used the Ball- wedge bonder for wire 
bonding. The Semi- automatic thermo sonic bonder applied sufficient thermal and 
mechanical energy to the gold ball formed at the end of the bond tool.  
The base model 747677E use for Ball-to-wedge bonding. The 0.001inch Gold 
wire use for wire bonding. First, the gold wire pass through clamp and inserted in a 
Capillary tube for bonding.  The diameter of the capillary is 15 inches. Figure 2.6 
represent the wire bonder head assembly.  The packaging LED sample is attached to 
hotplate with clam screws. Turning on the hotplate switch to allow the sample to warm 
up to 140o C in few minutes. To make the first bond, we need to set ultrasonic power and 
time around 325 and 20ns. To make a second bond, we need to set ultrasonic power and 
time around 330 and 30ns. For the first bond we use low force and for the second bond 
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we use high force. The dynamometer uses to measure force. We also need to set high 
force 30 grams and low force is 21 grams.  
 
Figure 2.6 The wire bonder head assembly. 
The process of gold ball bonding formation is the same as wire bonding on IC die. 
The gold wire which passes through the capillary tube is an electrical discharge to form a 
gold ball, that bonded to gold pads on LEDs by thermo-compression and ultrasonic 
energy. Then we need to move the wire bonder manipulator arm in an upward direction 
and make a second bond on the AlN sub-mount. The capillary tube clamping the wire is 
withdrawn and the wire is cut. We can feed the extra wire through a thread switch. Figure 
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2.7 represent gold and wedge bonding, Figure 2.7a, we show the gold bump on LED pads 









In chapter 2, we briefly discuss MOCVD process, layer structure, and packaging 
process of DUV LEDs. In this chapter we will describe the experimental procedure of 
low temperature study of LEDs. This description includes an overview of the cryostat, 
parameter analyzer, and spectrometer. This followed by the description device testing 
condition and consideration 
3.1 Closed cycle cryostat setup  
 This section illustrates a cryostat setup for studying the spectral and optical 
properties of LEDs at low temperatures. Typically, a Closed Cycle Cryostat is used to 
attain the low temperature at a very small region inside the vacuum environment to avoid 
condensation. The electrical feedthroughs and optical windows in cryostat are used for 
measurement like electrical and optical properties of the devices. Figure 3.1 represents a 
schematic diagram of closed-cycle cryostat setup. The major components of the closed 
cycle cryostat are compressor, cold head, vacuum shroud, radiation shield, optical 
windows, temperature controller and vacuum system. The expander portion of the 
cryostat is commonly referred to cold head, where the Gifford-McMahon refrigeration 
cycle takes place. The cold head is connected to a compressor by two gas lines and an 
electrical power cable. One gas line supplies high- pressure helium gas to the cold head 
where it expands and cause cooling in the expander and the second gas line returns low 
pressure helium gas from the expander to the compressor. The compressor provides the 
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flow to the low-pressure and high-pressure helium gas from and to the expander to attain 
desired refrigeration capacity. The temperature controller is also connected to an 
expander to control the temperature. 
  
 Figure 3.1 Schematic diagram of closed cycle cryostat setup. 
3.1.1 Cryocooler 
 The cryocooler has two main components, the cold head and compressor; this is 
the heart of the system. Here we used DE 202 cryocooler which is light in weight and 
available for a wide range of temperature from 4o K to 450o K. This cryocooler has 
designed for low sample vibration so we can avoid noise. Figure 3.2 shows Cold head 




Figure 3.2 Cold head with the sample holder. 
3.1.2 Vacuum shroud  
 The vacuum shroud is made from stainless steel or aluminum. Stainless steel is 
more suitable to use for vacuum shroud as it is more durable and less susceptible to 
adsorbing water vapor making which make cleaner sample environment. Aluminum is 
cost-effective and available in a wide variety of configurations. Figure 3.3 represents the 
vacuum shroud. A typical vacuum shroud will be mounted on the cryocooler using 
double O-rings for vacuum seal. This allows us to rotate the vacuum shroud without 
losing the vacuum. 
 
Figure 3.3 Vacuum shroud of the cryostat.  
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3.1.3 Radiation Shield 
 The radiation shield is made from copper or aluminum. Figure 3.4 represents 
vacuum shroud. High purity copper is high durability and low emissivity. Copper 
radiation shield with nickel or gold, gives the surface low thermal emissivity for better 
performance. Nickel plating is more durable than gold. 
 
Figure 3.4 Radiation shield of the cryostat.  
3.1.4 Sample Holder  
 Sample holder constructed from copper or nickel plat which has high thermal 
conductivity. Sample holders have electrical pins for an easy connection for the device do 
electrical and optical study of the samples. Sample holders have designed such way so we 
can easily connect LEDs Device. 
3.1.5 Optical windows  
 Optical window material can be made from Quartz, Sapphire, CsI, KBr, ZnSe. 
We select optical windows in such a way to avoid absorption of UV light so we can get 
light outside of the optical window to analyze. The wavelength of optical window 
material can be visible or UV light. The thickness of the window depends on its diameter 
and the material. Thin windows are advisable for collecting weak optical signals. The 
large and thicker window are used for high vacuum forces. 
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3.1.6 Temperature control 
 The temperature control system has a sensor and a heater to achieve the desired 
temperature. The temperature controller has dual channels; one is for sample temperature 
monitoring and the other for control. Temperature controller heater used to stabilize 
temperature by feedback from the sensor during the experiments. Accuracy of reading the 
sample temperature depends on where we mounted the temperature sensor. To minimize 
the experimental error, we can locate the sensor close to the sample so that we can get the 
actual temperature. We use a temperature controller to monitor the temperature and 
control temperature of the cryocooler from room temperature to 8K. 
3.1.7 Vacuum pump 
  The vacuum pump is used for creating a good vacuum. Having a good vacuum 
in the cryostat is mandatory for many reasons. The better the vacuum, the lower the 
device temperature. The absolute temperature and conductive cooling are linear function 
low pressure. Most importantly, the vacuum prevents the water condensation on the 
sample and helps attain low temperature. 
3.1.8 Compressor 
 The Compressor is one of the most essential components for cryostat set up. 
Compressors provide high-pressure helium gas to the cryocooler. The compressor also 
connects with recirculating chiller, which provides cooling water to the compressor. Here 
we use Advance system research, ARS-4HW compressor for our research. ARS-4HW 
required 230 V supply voltage. ARS-4HW required low maintenance so it is convenient 
for research purposes.  
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3.2 Semiconductor parameter analyzer  
 We use Agilent 4156B semiconductor parameter analyzer. This analyzer used for 
the measurement of LEDs. The 4156B allows us two types of measurements, sampling 
measurement and the sweep measurement. It also provides knob sweep measurement. 
The 4156 B have two voltage measurement unit and two voltage source unit. It has a 
kelvin connection, so it is highly suitable for low resistance applications. Voltage range 
for Agilent 4156B is 0 to 100V and current range is 1pA to 100mA. We used the 4156B 
to apply voltage to our LEDs and measure the V-I characteristic of LEDs. We can save 
data for the V-I characteristic using a floppy disk. We also used the 4156B to apply a 
20mA Dc pump current and measure the EL characteristic of LEDs.  
3.3 Spectrometer  
 Ocean optics USB 2000 spectrometer was used for measuring the 
electroluminescence properties of DUV LEDs. Here the spectrometer relates to window 
Xp via USB port. The spectrometer gets power from the host computer. The USB 2000 
can control by Ocean view software OOIBASE32. USB 2000 has good responsivity and 
very high sensitivity. It has integration time from 1 milli second to 60 seconds. USB 2000 
has EEPROM storage for wavelength calibration coefficients and Linearity correction 
coefficients. The wavelength range for USB 2000 Ocean optics spectrometer is 200nm - 
1100 nm. We need to store reference and dark measurement for to correct instrument 
response and variables. Figure 3.5 represents a schematic diagram of the spectrometer. 
The light from the light LED collect to detector and pass-through optical fiber. Optical 
fiber transmits light to spectrometer USB 2000. The USB 2000 spectrometer measure 
amount of light and transforms the collected data by the spectrometer into digital 
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information. The spectrometer transmits data to spectrometer operating software 
OOIBASE 32. The OOIBASE 32 compares the sample data to reference measurement 
and displays spectral information on the computer screen. We can save data in the the 
computer. For low-temperature measurement, we can save data for different temperature 
and compare data with different temperatures. 
 
Figure 3.5 Schematic diagram of the spectrometer. 
3.4 Device testing conditions and consideration  
To measure LEDs at low temperatures, we need to care about testing, and it is 
required some conditions are mentioned below.  
(1) To measure LED at low temperature, we need to package LED so connect LED to 
sample holder. The size of the package should be no more than 1.81 inches or 46 
millimeters, which is the diameter of the radiation shield. 
(2) Wire bonding is required to measure LED at low temperatures. We cannot 
measure LED in cryocooler without packaging, and package devices require wire 
bonding for electrical connection. For the high current applications, we required 
ball to wedge bonding. Ball formation is required on gold pads of LEDs, so the 
current spread on the ball to apply high current. 
(3) To get an accurate result of electroluminescence (EL) and V-I characteristic of 
LED at different temperatures we need to wait for 5 minutes to stabilize 
temperature then measure.  
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(4) To measure electroluminescence (EL) at low temperature, it is required dark 
atmosphere. 
(5) To measure LED at low temperature, we need to close the cryostat perfectly to 
creates a vacuum inside the cryocooler. 
(6) To measure LED at low temperature, first we need to turn on the vacuum pump 






In chapter 2, we briefly discuss structure of DUV LED and the packaging of DUV 
LEDs. In chapter 3 discuss the experimental procedure for LEDs which includes an 
overview of the cryostat, parameter analyzer and spectrometer. This chapter describe the 
temperature dependent electroluminescence (EL) and Temperature dependent I-V 
characteristic.  
4.1 Temperature dependent electroluminescence (EL) 
This section focuses on temperature dependent study of EL spectra of DUV 
LEDs. Figure 4.1 represents El spectra of Micro DUV LEDs at applied 20 mA DC pump 
current in the temperature range from 10K to 300K using close- cycle He cryostat. 
Details about the experiment set up for this measurement discussed in chapter 3. The El 
was measured in the temperature range from 10 K to 300K using Agilent 4156B 
semiconductor parameter analyzer. Figure 4.1 represents that as temperature decrease 
band to band emission increased. The MQW emission intensity grow rapidly with a drop 
in temperature, as all defects freeze out at very low temperature, so El emission reach its 
maximum at 10K. The MQW’s band-to–band emission peak intensity increases at low 
temperature by more than four-fold. Note that an increase in intensity is a function of the 
DC pump current. We can say that light emitted efficiency increases with a decrease in 
temperature due to the non-radiative carrier rate is decrease and radiative recombination 
rate is increased. DUV LEDs have high Al-content AlxGa1-xN allow are suitable to the 
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formation of threading dislocation, defect like dislocation but we see that at low 
temperature it starts to freeze out. 
 However, Zang J illustrate low temperature electroluminescence quenching of 
AlGaN DUV-LEDs [61]. In this paper they study three different AlGaN DUV LED, in 
which two LED do not have Electron blocking layer (EBL) and one have EBL where 
they observed EL quenching in AlGaN DUV LEDs which do not have EBL. We can 
expect that the electron overflow become more severe as temperature decrease if you do 
not have EBL. X. A. Cao et al get a similar result for temperature dependent study of 
InGaN/GaN multiple-quantum-well light emitting diode, they found that El intensity 
increases rapidly with decease in temperature and reaches its maximum at 150 K, as 
temperature decrease 150 K a remarkable reduction noticed in light intensity. We also 
observed similar results for our conventional DUV LED. Figure 4.2 represent 
temperature dependent EL spectra of DUV micro-LED at the injection current of 20mA 
(DC pump). We observed that El intensity increases with a decrease in the temperature 
and reached its maximum at 110 K; as temperature decrease below110 K, a remarkable 





Figure 4.1 Temperature dependent EL spectra of DUV micro-LED at the injection 
current of 20mA (DC pump). 
 
Figure 4.2 Temperature dependent EL spectra of conventional DUV LED at the injection 
current of 20mA (DC pump). 
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Figure 4.3(a) presents peak intensity of MQW band to band emission peak located 
at 280nm increase fast with reduction of temperature from 300K to 10K. We observed 
low intensity at room temperature (300K) and high intensity at 10K. The peak intensity 
increases at low temperature by a factor of four, suggesting that light emitted efficiency 
increases with a decrease in temperature due to the non-radiative rate is decrease at low 
temperature in micro DUV-LED. We have high light emitted efficiency at 10K and low 
light emitted efficiency at room temperature (300 K). However, in our conventional DUV 
LED peak EL intensity increases with decease in the temperature and peaked at 110 K, as 
temperature decrease below110 K a remarkable reduction noticed in EL peak light 
intensity is observed that is shown in figure 4.3(b).  
  
(a) (b) 
Figure 4.3 (a) El peak intensity change with temperature for (a) DUV micro-LED (b) 
conventional DUV-LED. 
 
Figure 4.4 present temprature- induced shift of peak energy of LEDs at applied 20 
mA DC pump current in temperature range from 10K to 300K. With decreasing 
temperature, we see blueshift behavior for both Micro LED and conventional LED. As 
temperature decrease peak potion of photon energy move toward shorter wavelength so 
we see blueshift. As temperature decrease bandgap of LED is increase means energy 
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increase which means wavelength is decrease because wavelength is inversely proposal 





Figure 4.4 EL peak energy shift of micro-LED and conventional DUV-LED at applied 20 
mA DC pump current.  
 
The IQE is the product of the injection efficiency (IE) and the radiative efficiency 
(RE) where the RE is defines as the ratio of the radiative recombination rate to total 
recombination and the IE is a measure of how many electrons recombine in active region 
to total electrons injected into an LED. Here we assumed that IE is 100% so we can 
simply study IQE. Figure 5.5 present temperature dependent IQE, as temperature 
decrease, IQE is increase because non radiative recombination lifetimes is decrease.  
𝜂𝐼𝑄𝐸 = 𝜂𝐼𝐸  x𝜂𝑅𝐸 
Where, 










 𝜏𝑟 is the lifetime for radiative recombination and 𝜏𝑛𝑟 is the lifetime for non-radiative 
recombination. 
At low temperature (10K), the non-radiative recombination rate is low which 
means non radiative recombination lifetime is high because non-radiative recombination 
rate is inversely proportional to lifetime of recombination (R= ∆𝑛 𝜏𝑛𝑟⁄ ). We get high IQE 
at low temperature compared to room temperature. 
 
Figure 4.5 Temperature dependent relative internal quantum efficiency (IQE).  
4.2 Temperature dependent current-voltage (V-I) Characteristic. 
This section focuses on temperature dependent study of the V-I characteristic of 
Micro DUV- LED. We plotted the current versus voltage (I-V) characteristic of the Micro 
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DUV LED in the temperature range of 10-300 K using an Agilent 4156B semiconductor 
parameter analyzer. We are not able to measure accurately current smaller than 10-14 A 
because of system limitation.  
Figure 4.6 present a model for micro DUV-LED; we proposed a more accurate 
circuit model to combine with Sandia national laboratory and Schubert group work[73], 
[74]. Sandia national laboratory presents the V-I characteristics of AlGaN based DUV-
LED with different densities of open-core threading dislocation (nano pipes). Open core 
threading dislocations create a low turn-on leakage pathway which we have seen in our 
V-I characteristic of micro DUV-LED. Schubert group presented a model for diode 
ideality factor greater than 2.0, as per Sah-Noyce-Shockley theory, the forward current in 
p-n junction is dominated by recombination of minority carrier injected into the natural 
region of the junction, this type of current give ideality factor 1.0. Recombination of the 
carriers in the space charge region give us an ideality factor 2.0. Schubert group proposed 
ideality factor greater than 2.0 because of diode connected in series, so ideality factor add 
together. The metal-semiconductor contact which can consider as a reverse-biased 
Schottky contact have high ideality factor. They connect Multiple diodes in series for a 
heterojunction III-N DUV LED structure at the p-GaN/p-AlGaN interface. So, we 




Figure 4.6 Equivalent circuit model of V-I characteristic of micro DUV- LED. 
The forward current versus voltage (I-V) characteristic of the Micro DUV LED in 
the temperature range of 10-300 K in figure 4.7 (a). The I-V curve of Micro DUV LED is 
plotted on the semilogarithmic scale in figure 4.7(b). For 0V to 2V shunt resistance 
dictates I-V curve, voltage is not sufficient to turn on leakage diode nor induce tunneling 
at the Schottky diode. For 2.7V to 4.2 V, diode 1 (leakage diode) is turn-on and leakage 
diode path has less resistance than shunt resistance so current flows through leakage 
diode. For 4.2 to 5.5 V, carrier begins through diode 2 start to conduct, this means more 
voltage can drop over MQW diode, and when this voltage become higher than built-in, 
the MQW diode begins to conduct. Carriers are recombined in the MQW region, and 
light generation starts at this time leakage diode (diode 1) is still conducting which 
provides an alternative current path that reduces the number of carriers flowing through 
the MQW-diode path. For voltage ≥ 5.5 V, carriers are tunneling through the Schottky 
barrier diode; all the other diodes are well into their conductive region of operation thus 
the series resistance of the LED dictates the shape of the I-V plot. Michael W et al. found 
similar results for AlGaN based DUV LED; they made three diode circuit models to 







Figure 4.7 (a) Forward-bias IV characteristic of micro DUV LED. (b) IV characteristic of 
Micro DUV LED are plotted on a semilogarithmic scale for different temperature. 
Diode 2 
Diode 1 




The forward bias V-I characteristic of micro DUV -LEDs were model in 
MATLAB using two parallel diodes. In MATLAB, we are very the current and calculate 
voltage drop across the junction. The reverse diode in series represent Schottky diode.  
Parameter for diode and resistor of circuit extracted from the DUB -LED V-I 
characteristic from Figure 4.8 (a), which represent measured and simulated characteristic 
of DUV LED at 300K and Figure 4.8 (b) present measured and simulated characteristic 







Figure 4.8 (a) Measure and simulated V-I characteristic of micro DUV- LED at 300K. (b) 
measure and simulated V-I characteristic of micro-DUV LED for 190K. 
 
A thorough analysis of the I-V characteristics shows a low turn-on pathway with 
(2.7) eV barrier that we ascribe to field emission through threading dislocations or 
surface recombination at device edge; and a higher turn-on pathway of (4.3 eV) that 
shows thermionic field emission behavior, ascribed to the MQW-based P-N junction. We 
also analyzed that, we can see a low turn-on pathway until 50K, after that defect start to 
freeze out, and the low turn-on voltage path disappears. Figure 4.9 represent V-I 
characteristic of micro DUV-LED at three different temperature, we see that leakage path 
disappear at low temperature which means, whatever is causing the leakage can freeze-
out at low temperatures. Perhaps it was a clustering of the dopants on the walls of the 




Figure 4.9 V-I characteristic of micro DUV-LED at three different temperature. 
The ideality factor of a diode is defined as how closely the diode follows ideal the 
diode equation. The ideality factor of the diode is determined from the slope of the 
forward bias current (ln(I)) versus voltage plot. The ideality factor of two regions, 








where V is forward-bias voltage, I is current, k is the Boltzmann constant, T is absolute 
temperature and q is the change of an electron. 
Figures 4.10 (a) and 4.10 (b) represent temperature dependent ideality factor for 
leak diode and MQW diode. For voltage < 4 V, we can find ideality factor for leakage 
diode and for voltage > 4 V, ideality factor for MQW diode. Figure 4.10 (a) and (b), 
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show that the ideality factor of both diodes increases with reduced temperature. We find 
ideality factor 5.21 at room temperature for the MQW diode. But, as per Sah-Noyce-
Shockley theory, the forward current in p-n junction is dominated by recombination of 
minority carrier injected into the natural region of the junction, this type of current give 
ideality factor 1.0. Recombination of carriers in the space charge region gives us ideality 
factor 2.0[74]. However, we find a high ideality factor for micro-DUV LED because of 
the MWQ region and metal-semiconductor junction of the LED. High value of ideality 
factor is attributed to the carrier tunneling rather than to the thermal diffusion and 
recombination (as described by Shubert et al.). The carrier tunneling in space charge 
region because of high doping of the active layer or due to high density of localized state. 
Figure 4.10 (a) and (b), we see that the ideality factor increases with reduction in 
temperature. Recombination through threading dislocation pathway, we find ideality 
factor 9.8 at room temperature and find ideality factor 28 at 100 k. For MQW based p-n 
junction, we see ideality factor 5.21 at room temperature and find ideality factor 204.98 
at 10K. The high ideality factor that gets worse with temperature is due to the worsening 
of metallic contacts and their interface with the semiconductor, ideality factor is already 







Figure 4.10 Temperature dependent ideality factor (a) for leakage diode (diode 1) and (b) 




We can get the turn-on voltage of LED from the x-axis intercept from a linear fit 
to the linear region of the I-V graph. Figure 4.11 represents the change in turn-on voltage 
of micro-DUV LED change with temperature. LED turn-on voltage increase from 6.39 at 
room temperature to 12.37 at 10K. The turn-on voltage of about 6.39 V at 300K is 
somewhat larger than expected from an active layer band gap of 4.5eV, showing an 
additional voltage drop at the heterointerfaces and voltage drop at metal semiconductor 
interface. The increase of turn-on voltage is much larger than expected from the active 
layer band gap change with temperature and reverse Schottky diode. This is reflected in 
the increased turn-on voltage with decreasing temperature  
The device series resistance was measured in temperature range from 300 K to 
10K. Figure 4.12 (a) represents the linear region for series resistance extraction, and 
Figure 4.12 (b) represents series resistance change with temperature. From room 
temperature (300K) to 150 K, series resistance increases with reductions in temperature 
but from 150K to 10K, series resistance decreases with reduction in temperature. The 
resistance changes from 94Ω at 300K to 124 Ω at 10K. The variation in resistance with 
temperature are primarily due to hole accumulation at AlGaN/GaN interface and p-GaN 
layer thickness. The increase of resistance is related to electron hopping transport along 











Figure 4.12 (a) Linear region for series resistance extraction. (b) Series resistances 





CONCLUSIONS AND FUTURE WORK
In this dissertation, the temperature dependent behavior of the Micro-pixeled 
DUV-LEDs has been studied we briefly discuss structure of DUV LED and packaging of 
DUV LEDs. We also describe the temperature dependent electroluminescence (EL) and 
Temperature dependent I-V characteristics. We observed defect-related conduction 
pathways at temperatures greater than 70K. The forward bias V-I characteristic of micro 
DUV -LEDs were model in MATLAB using two parallel diode and one series diode. By 
freezing out defect related conduction pathways at temperatures less than 50K, the EQE 
in AlGaN DUV micro-LEDs is improved 4-fold, underscoring the importance of defect 
management. A thorough analysis of the I-V characteristics shows a low turn-on pathway 
with (2.7) eV barrier that we ascribe to field emission through threading dislocations or 
surface recombination; and a higher turn-on pathway of (4.3) eV that shows thermionic 
field emission behavior, ascribed to the MQW-based P-N junction. The parasitic 
conduction paths are caused by open-core threading dislocations, as informed by 
thorough reports in the literature. 
Hence, targeted improvement of strain management techniques during growth to 
reduce the open-core threading dislocation density is of great importance for furthering 
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